The optically-compensated-bend mode pi-cell displays exhibit fast-response time and wide-viewing angle characteristics. However, it requires a transition of the liquid crystal molecule from an initial splay state to the bend state conguration before providing the quick operation. A high voltage and a long warm-up time are needed to transform to the bend state. In this paper, the polyimide alignment lms have been modied to reduce the splay-to-bend transition time by plasma beam treatments. The proposed method was demonstrated to be highly eective in improving the overall transition time. The number of splay-to-bend nucleation sites in the assembled liquid crystal cells could be increased dramatically by up to 20 times at the initial stage, and the improvement in the cell warm-up time was achieved at 4571% reduction at 5.5 V. The plasma processing parameters were optimized at the plasma power of 700 W, the plasma distance of 25 mm, and the plasma scan speed of 600 mm/s. In addition, we maintained the excellent optical properties and response time characteristics for the optically--compensated-bend mode liquid crystal displays.
Introduction
The rapid advancement in liquid crystal displays (LCD) led to the characteristics of low driving voltage, low power consumption, light weight, low production cost, and no hazardous radiation. The LCD devices are thus widely employed as television sets and computer monitors. They have become more popular than the traditional cathode-ray-tube (CRT) monitors nowadays. However, the conventional twist-nematic (TN) mode LCDs exhibit a viewing angle problem that results in the degradation of contrast ratio or gray scale inversion, and they turn out to be unsuitable for displaying motion pictures because of their slow response speed. The optically-compensated-bend (OCB) mode LCD displays have been introduced as electro-optical binary switching devices that oer wide viewing angle and fast response speed [14] . They also maintain good electro-optical properties at low operating temperatures. The stable gray scale could be achieved by introducing a bias voltage and wider viewing angle by optical compensation using a biaxial-retardation lm.
The pi (π) cell is constructed using a pair of substrates that are rubbed in parallel directions. When driving a π cell in the bend state, the OCB mode liquid crystal molecules in the cell center experience zero elastic torque during the o-state relaxation process, thus providing a fast display response [5] . The response time can be 10--times faster than the traditional TN-LCD. It provides alternative solution to optical devices requiring quick re- * corresponding author; e-mail: wu@mail.cgu.edu.tw sponse such as three-dimensional (3D) displays with high frequency or frame rate. On the other hand, OCB mode requires a transition of the liquid crystal cell from an initial splay state to bend state conguration before it can provide the quick operation. The transit voltage is inevitably high, and it takes a long warm-up time to transform to the bend state. This is a major disadvantage of the OCB mode displays. It is therefore desired to reduce the warm-up time. A splay-to-bend transition in the OCB cell is produced in two steps: the initial formation of bend nuclei and the eventual growth to the full bend state. The bend nucleation is uncertain and dicult to control, and the transition area grows slowly [6] . The purpose of this study is therefore to investigate the improved creation of nuclei and the bend transition by suitable surface plasma treatments of the alignment lms.
In the earlier studies, tiny dark regions were observed to represent irregularities that occurred in liquid crystal alignment due to the existence of spacers. The regions acted as nuclei for the bend transition [7] . The high number of transition nuclei might accelerate the eciency of the bend transition in the OCB display cells. In order to promote a faster splay-to-bend transition, we introduced the partial irregularity in the liquid crystal alignment by atmospheric pressure plasma beam treatments. The effects on the increase in the number of bend nucleus sites were evaluated using the π cells constructed by a pair of polyimide (PI) alignment lm substrates rubbed in parallel angles [8, 9] . The overall transition time has been signicantly reduced by the plasma beam bombardments of the PI alignment lms. The OCB cell electro-optical properties were studied by the NI-DAQpad-6070E system equipped with function generators and LabVIEW7. In addition, the atomic force microscope (AFM, Veeco (892) INNOVA) and a contact angle meter were used to analyze the surface characteristics of the PI lms both before and after the plasma beam treatments.
Experimental
The experiments were carried out on the glass substrates (Corning 1747) with the tin-doped indium oxide (ITO) coatings of the thickness of 100 nm by sputtering. After cleaning, they were cut into the size of 2 × 2.5 cm 2 . The horizontal alignment PI (Chisso) material was spread using the SWIENCO PM490 spin-coater in two stages. The horizontal alignment layer had a nominal high pre-tilt angle of 6
• with the prescribed processing procedures. In the rst stage, the spinning speed was set at 500 rpm (round per min) for 10 s, so that the alignment layer material could be evenly coated. In the second stage, the spinning speed was 2500 rpm for 50 s to achieve a consistent thickness. A hot plate was used for soft bake at 80
• C for 60 s to evaporate the excess water and solvent. The nal hard bake was performed at 230
• C for 30 min, and the cured PI layer had a thickness of 80 nm. The following mechanical rubbing of the alignment layer was conducted by the Skiing Tech RM50 rubbing system. The average rubbing speed was 20 mm/s, the speed of the roller was set at 500 rpm, the rubbing depth was 0.45 mm, and the rubbing angle was zero.
Plasma treatment could be an eective method to modify polymeric material surface such as the PI alignment layer. The surface modication and activation are achieved by chemical and physical interactions of plasma with the surface molecules. The proposed atmospheric plasma treatment (APT) process used NEMS Tech Jet2008I that oered unique advantages for surface treatments. The APT system produced high-density plasma, and could provide treatments for various material substrates at low temperatures. The various processing parameters included plasma power (W ), plasma--to-substrate distance (d), substrate scan speed (v), and plasma bombardment angle. The plasma beam treatment experimental setup for the polyimide alignment layer to improve the OCB bend nucleus transition is schematically illustrated in Fig. 1 . The surface energy level and/or characteristics could thus be optimized for the π cell displays.
Finally, we used the UV-curable seal resin to assemble the LCD cell samples, and injected them with OCB (Merck GVD-100A) liquid crystal. The cell gap was controlled using the ball spacer blended in the UV-curable resin. The bend nucleation and transition were then studied under the polarized laser light using an instant 5.5 V voltage. The corresponding response time and V T curves were measured by the optical instrument (Otsula LCD5100). In addition, the plasma power was set at 700 W for dierent atmospheric pressure plasma beam treatments for the PI alignment layers. The plasma--to-substrate distance was chosen at 25 mm to better induce the partial liquid crystal alignment irregularity and to increase the number of transition nucleus sites. A much longer distance created little plasma treatment eect, and a shorter distance has been proven to bring uneven damages to the samples. Nevertheless, the substrate scan speed has been varied at 550650 mm/s for optimal evaluation. 3 . Results and discussion Figure 2 shows the liquid crystal molecular alignment transition from the splay state to the bend state after being provided with an instantaneous voltage output of 5.5 V supply. Both the results of the OCB cell control sample (without plasma treatment) and the optimized plasma-treated sample (v = 600 mm/s) are provided for direct comparison. During the initial electric eld--on period, some of the splay area transformed to bend transition nuclei in less than 10 s for the untreated cell sample in Fig. 2a . The number of nuclei was further increased and the bend state transition eventually covered the whole screen area after 92 s. On the other hand, for the plasma-treated cells, the creation of bend nucleation was much faster. The dramatic increase in the number of bend nuclei was clearly evidenced in 7 s in Fig. 2b . The full transition to the bend state was also completed in 27 s. This suggested the improvement of 71% in the reduction of the splay-to-bend transition time. The transition time data were measured and analyzed for dierent plasma treatment scan speeds at 650, 600 and 550 mm/s, and are summarized in Table I . Therefore, the warm-up time for the OCB cells could be signicantly reduced by 4571% when compared with the control sample after the proposed atmospheric pressure plasma beam treatment process.
The higher number in transition nucleus accelerated the eciency of liquid crystal bend transition, and thus reduced the splay-to-bend transition time in the OCB mode LCD cells. The eects of the plasma beam bombardment of the PI alignment lm on the early-stage generation of the bend nucleus number are further depicted in Fig. 3 . These photographs were taken only 6 s after the 5.5 V transition voltage was applied. The greatest number in the initial bend nucleus of 127 was found, and this is more than 20 times of that of the untreated control OCB cell. The measured data are also listed in Table II . It has been evidenced that the plasma scan speed of 600 mm/s proved to produce the highest number of bend nuclei in the liquid crystal cell. This is quite consistent with the trend in the transition time data in Table I . The surface has been relatively smoothed and no morphological damage was observed. The relationships between the transmittance and the applied voltage, V T curves, were measured for all the OCB cell samples. A square wave voltage with the frequency of 1 kHz was employed, and the elevation rate of the applied voltage was 0.1 V/s. The electro-optical properties were measured with a 632.8 nm HeNe laser. The transmission axis was set at an angle of 45
• with respect to the rubbing direction of the sample cell. Figure 6 shows the characteristic curves of the voltage--dependent transmittance of the OCB cells before and after the atmospheric pressure plasma treatments. It can It has been noted that dierent initial transmittance was exhibited at the low voltage applied. Let us consider the electro-optical properties as shown in Table III . The light transmittance (T ) of the crossed polarizer can be written as
where φ is the angle between the long axis of the liquid crystal molecules and the transmission axis of the polarizer. δ is indicated as the phase retardation. When the transmission axis was set at an angle of 45
• , the brightest state could be achieved. Thus, the transmittance increased with the increasing phase retardation. The order of transmittance in the OCB cells would thus decrease as follows: T 600 > T 650 > T 550 > T control . This is in accordance with the results of dierent initial transmittance in the V T curves. Furthermore, the data of the pre-tilt angles were nearly the same after the atmospheric pressure plasma treatments. The low response time characteristics were also maintained at around 5 ms.
Conclusions
The atmosphere pressure plasma beam treatment process was successfully proposed to induce the partial liquid crystal alignment irregularity. It dramatically increased the number of the bend transition nucleation sites in the OCB display cells. The splay-to-bend transition and the warm-up time were thus signicantly improved with the eective plasma beam treatments to the PI alignment lms. This process has been very cost-eective, and could provide uniform treatment results. The processing parameters were also optimized at the plasma power of 700 W, the plasma-to-substrate distance of 25 mm, and 600 mm/s plasma scan speed. The plasma bombardment angle has been set at zero. The number of the initial bend nucleation sites was greatly increased from 6 to 127, and thus resulted in the reduction of transition time by up to 71% compared to the control sample. In addition, we could maintain the excellent electro-optical properties of the OCB cells, such as the quick response time of about 5 ms.
